The development of selectable markers for transformation has been a major factor in the successful genetic manipulation of plants. A new selectable marker system has been developed based on bacterial gentamicin-3-N-acetyltransferases [AAC(3)1. These enzymes inactivate aminoglycoside antibiotics by acetylation. Two examples of AAC(3) enzymes have been manipulated to be expressed in plants. Chimeric AAC(3)-III and AAC(3)-IV genes were assembled using the constitutively expressed cauliflower mosaic virus 35S promoter and the nopaline synthase 3' nontranslated region. These chimeric genes were engineered into vectors for Agrobactenum-mediated plant transformation. Petunia hybrida and Arabidopsis thaliana tissue transformed with these vectors grew in the presence of normaly lethal levels of gentamicin. The transformed nature of regenerated Arbidopsis plants was confinred by DNA hybridization analysis and inheritance of the selectable phenotype in progeny. The chimeric AAC(3)-IV gene has also been used to select transformants in several additional plant species. These results show that the bacterial AAC(3) genes will serve as useful selectable markers in plant tissue culture.
The development of efficient transformation systems has led to remarkable progress in the area of plant molecular biology. This has included the introduction of useful traits such as herbicide (4, 6, 23) , virus (1, 28) , and insect (10, 29) resistances. Simple and reliable methods for introduction of genes has allowed rapid progress in the understanding of gene regulation. Gene transfer techniques have been largely based on exploitation of the Agrobacterium tumefaciens mediated DNA delivery system (11, 17) . A fragment of the Til plasmid, called the T-DNA, becomes stably integrated in plant nuclear DNA where it is actively transcribed. Certain T-DNA genes cause high levels of phytohormone production that result in crown gall formation and prevent regeneration of whole plants from transformed cells. Since it is known that the phytohormone genes are not involved in DNA transfer, disarmed Ti plasmids lacking these genes but retaining all of the essential virulence functions have been engineered (12, 33) . This disarming process has removed a major barrier to coupled DNA transfer and regeneration of transformed plants.
In order to identify the plant cells that have been transformed (14) was fused to the strong, constitutively expressed plant transcriptional promoter, the cauliflower mosaic virus (CaMV) 35S promoter (21) to obtain high level expression in plant cells. The resulting plant transformation vector, pMON825, was constructed in several steps outlined in Figure 1 .
Plasmid pLG62 (14) containing the AAC(3)-IV gene was obtained from Julian Davies. A 143 bp TaqI fragment spanning the amino terminal portion of the coding sequence of the AAC(3)-IV gene was excised from pLG62 and cloned into the AccI site of plasmid pUC8 (31), creating plasmid pMON823. The remainder of the AAC(3)-IV gene was cut out of pLG62 with PstI and partial Sacl digestion. The 1316 bp fragment was then cloned into PstIlSacI digested pMON823, reconstructing the AAC(3)-IV coding sequence and creating pMON824. An EcoRI site immediately upstream of the start of the coding sequence and a second EcoRI site downstream were used to excise the entire AAC(3)-IV gene from pMON824 as a 1300 bp fragment. This EcoRI fragment was then cloned into the EcoRI site of a cassette vector, pMON530 (22) , between the CaMV 35S promoter and the nopaline synthase polyadenylation site (NOS 3'). The resulting plasmid pMON825, contains both the NOS/NPTIIINOS gene encoding kanamycin resistance and the CaMV 35S/AAC(3)-IV/NOS chimeric gene. This plasmid is a binary-type vector capable of autonomous replication in Agrobacterium.
AAC (3)-III Expression Vector. The AAC(3)-III gene was obtained from pWP866 (provided by Wolfgang Piepersberg) (3). The coding sequence was excised on a 869 bp fragment with NruI and SalI. The fragment was cloned into SmaI-XhoI cleaved pMON530 (22) between the CaMV 35S and the NOS 3'. The resulting vector, pMON847 (Fig. 2) , contains the NOS/NPTII/ NOS as well as the chimeric 35S/AAC(3)-III/NOS gene.
Bacterial Conjugations. The vectors were mobilized into Agrobacterium tumefaciens strain A208 carrying the disarmed Ti plasmid, pTiT37-SE (22) . Mating was done by the triparental conjugation system using the helper plasmid pRK2013 (8) .
Transconjugants were selected on LB plates (20) containing 50 ,ug/ml kanamycin, 25 ug/ml chloramphenicol, 50 ,ug/ml spectinomycin.
Petunia and Tobacco Leaf Disc Transformation. The basic leaf disc transformation system has been described (15 Louis), or 300 ug/ml gentamicin for selection of transformed callus.
Arabidopsis thaliana Transformation. Arabidopsis transformation was performed as described (19) with minor modifications. A 2.0 ml culture of Agrobacterium containing pMON604 was incubated with leaf pieces for 5 min after which the leaf pieces were transferred to co-cultivation plates. Control tissue was treated the same except the 5 min incubation was without Agrobacterium. After a 2 d co-cultivation period, leaf pieces were transferred to medium containing gentamicin (40 ,ug/ml) and carbenicillin (500,ug/ml). Transformed tissue formed green callus at the cut surface within 2 weeks while nontransformed control tissue formed a much smaller amount of callus that developed a brown color and died. Eight weeks after the initial selection, most of the transformed callus became chlorotic and was transferred to plates containing a lower (20 ,ug/ml) amount of gentamicin. Callus was transferred to fresh medium every 2 weeks. Four months after the initial selection, the transformed callus developed shoots. Well formed shoots were excised from the callus and placed on medium containing GA3 (Sigma) (0.1 mg/ L GA3, 0.5 mg/L NAA, 0.1 mg/L BA) to induce shoot elongation. After 1 week on this medium, the basal end of the rosette was dusted with a root inducing powder (Rootone F, Union Carbide) and planted in sterile soil. Shoots were kept in high humidity until visible growth was observed. Germination Assays. Seeds from transformed Arabidopsis plants were surface sterilized as described (19) (22) . Plasmid pMON825 (Fig. 1) contains a chimeric 35S/AAC(3)-IV/NOS gene and pMON847 (Fig. 2) contains a chimeric 35S/AAC(3)-III/NOS gene. Both plasmids also contain a NOS/NPTII/NOS gene conferring kanamycin resistance and the gene encoding nopaline synthase.
Plasmids were introduced into Agrobacterium and transformed into petunia using the leaf disc system (15) . Transformed tissue was selected on medium containing 100 or 300 Ag/ml gentamicin.
Control tissue was transformed with pMON505, a plasmid that contains only the NOS/NPTIII/NOS gene. We had previously determined that 100 ,ug/ml of gentamicin was sufficient to completely inhibit growth of wild-type petunia tissue. As shown in Figure 3 , tissue transformed with pMON825 or pMON847 grew on both levels of gentamicin while tissue transformed with pMON505 did not survive on gentamicin. The transformed nature of the tissue that grew on gentamicin was verified by the presence of nopaline. This result indicated that both chimeric 35/AAC(3)/NOS genes conferred gentamicin resistance in transformed petunia tissue. We have consistently observed greatly reduced growth of transformed tissue at 300 ,ug/ml of gentamicin with all of the gentamicin expression vectors. Since no growth of control tissue has been observed at 100ug/ml, selection at the lower level has been routinely used with success.
Kanamycin Selection. The gentamicin-3-N-acetyltransferases are known to inactivate kanamycin in vitro. In order to test whether the AAC(3)-IV gene would also confer resistance to kanamycin in plants, we constructed pMON832 (Fig. 2) . This is a co-integrate-type vector designed to be integrated into the disarmed Ti plasmid, pTiT37-SE. It contains the 35S/AAC(3)-IV/NOS gene (Fig. 2) . Since the vector does not contain the NOS/NPTII/NOS gene, it could be used to test the ability of the chimeric AAC(3)-IV gene to confer resistance to kanamycin. Plasmid pMON832 was introduced into Agrobacterium and used in petunia leaf disc transformation. Transformed tissue was again resistant to 100 and 300 ,utg/ml gentamicin, indicating expression of the AAC (3) (26) . The construction and expression of pMON604 will be described elsewhere. The presence of an auxin biosynthetic gene in pMON604 did not seem to affect transformation frequency significantly. We have obtained similar results with several additional gentamicin vectors lacking phytohormone biosynthetic genes. Following transformation, the tissue was selected on 40,g/ml gentamicin. Within 5 d, control tissue died while transformed callus grew vigorously. However, if left on this medium the transformed tissue became chlorotic and died. Transfer to a lower level of gentamicin (20 ug/ml) slowly overcame this problem, and the callus eventually formed shoots. The shoots were transferred to soil and seed was obtained from established plants. The transformed nature of the regenerated plants was demonstrated by the ability of seeds to germinate in the presence of 80,ug/ml gentamicin (Fig. 4) and by Southern blot analysis (Fig. 5 ) of gentamicin resistant progeny. Approximately half of the gentamicin-resistant transformants exhibited a 3:1 inheritance of resistant to sensitive plants. The rest exhibited a greater than 3:1 ratio, indicating the presence of multiple, independent T-DNA insertion events. Use of gentamicin to select transformed Arabidopsis tissue, is not superior to hygromycin selection. Transformed tissue had to be tranrsferred to a lower level of gentamicin after 8 weeks due to chlorosis. Only after the gentamicin concentration was lowered did transformed shoots appear. To date, we have generated 20 transgenic Arabidopsis plants using the gentamicin selection system. However, the regeneration time was approximately twice what we have routinely observed with hygromycin selection. Nonetheless, gentamicin selection provides a useful alternative to hygromycin, particularly when multiple independent T-DNAs are desired in a single plant. We have not observed any nontransformed 'escaped' plants with either gentamicin or hygromycin selection.
Cloning Vectors. Since the 35S/AAC(3)-IV/NOS chimeric gene confers excellent gentamicin resistance in several plant species, we constructed two cloning vectors of general use based on this selectable marker. The first plasmid pMON850 (Fig. 6) , is a derivative of the binary vector pMON505 (16) . Plasmid pMON850 contains the 35S/AAC(3)-IV/NOS chimeric gene as the selectable marker, a synthetic multilinker with several unique cloning sites, and the nopaline synthase gene as a scoreable marker. The second plasmid pMON858 (Fig. 6) , was derived from pMON850. In pMON858, the nopaline synthase gene was removed and replaced by an expression cassette consisting of the CaMV 35S promoter, several unique cloning sites, and the NOS 3' end.
Both pMON850 and pMON858 can be used for cloning other genes, and introducing them into plants using the gentamicin selection. DISCUSSION Development of selectable markers has been crucial to the success of transformation of many plant species. By far, the most widely used of the available markers is the NOS/NPTII/NOS gene. For a number of reasons, the development of alternative selectable marker genes is advantageous. Two such selection systems are currently in general use, resistance to hygromycin (30, 32) and to methotrexate (9, 22) . The hygromycin resistance gene is a bacterial phosphotransferase that was originally isolated from the same plasmid containing the AAC(3)-IV gene (3) . The methotrexate resistance is encoded by a mutated mouse dihy- drofolate reductase gene that is methotrexate insensitive (24) . Both of these selectable markers have been proven to be useful in certain plant systems. For example, both function well in tobacco and petunia. Hygromycin has also been the selective agent of choice for use with Arabidopsis (19) . There are a number of species, however, where neither of these genes works well. Both meth6trexate and hygromycin are extremely toxic compounds and great care must be exercised when using them. Probably because of this high level of toxicity relative to other selective agents, transformation frequencies are not as high as with kanamycin in many plants.
We have examined the utility of a new gene system. This system is based on the use of two enzymes that inactivate the aminoglycoside antibiotic gentamicin, a compound normally toxic to many dicotyledonous plants. The AAC(3)-III and AAC(3)-IV coding sequences were engineered to allow expression in plants by inserting them between a strong, constitutively expressed plant promoter, the CaMV 35S, and the nopaline synthase 3'-nontranslated region. These chimeric genes were then introduced into plants using Agrobacterium-mediated transformation.
As our results have demonstrated, the chimeric 35S/AAC(3)/ NOS genes confer resistance to levels of gentamicin normally lethal to plants. There is no significant difference in transformation frequencies between these two genes when using gentamicin as the selective agent. One of the genes also confers a low level of kanamycin resistance. These genes may also confer resistance to other aminoglycosides. Several other aminoglycosides that are acetylated in vitro by the AAC (3) enzymes have yet to be tested for either their toxicity or their inactivation by the chimeric gene in plant cells. Other genes that confer gentamicin resistance in bacteria have been identified (5). We have not tested these genes for function in plants but would also expect them to confer gentamicin resistance when fused to the CaMV 35S promoter.
It is interesting to note that the gentamicin acetyltransferase provides selectable resistance whereas a chloramphenicol acetyltransferase, which has been expressed at a high level in plant tissue (21) , does not result in selectable resistance to chloramphenicol (7). However, it has recently been shown that another acetyltransferase, phosphinothricin acetyltransferase, is also capable of conferring a selectable phenotype in plants (6, 27) . Gentamicin selection, using the AAC(3) genes meets all of the criteria for a useful marker. The selection has worked in all dicotyledonous plant species tested to date. These include Brassica napus, Nicotiana tabacum, Arabidopsis, tomato, and petunia. Over five hundred transgenic plants have been generated using the gentamicin selection system. Transformation frequencies seem to be as high or 
